Autophagy is a lysosome-mediated intracellular protein degradation process that involves about 38 autophagy-related genes as well as key signaling pathways that sense cellular metabolic and redox status, and has an important role in quality control of macromolecules and organelles. As with other major cellular pathways, autophagy proteins are subjected to regulatory post-translational modification. Phosphorylation is so far the most intensively studied post-translational modification in the autophagy process, followed by ubiquitination and acetylation. An interesting and new area is also now emerging, which appears to complement these more traditional mechanisms, and includes O-GlcNAcylation and redox regulation at thiol residues. Identification of the full spectrum of post-translational modifications of autophagy proteins, and determination of their impact on autophagy will be crucial for a better understanding of autophagy regulation, its deficits in diseases, and how to exploit this process for disease therapies. Post-translational modifications of proteins have a key role in determining protein structure, destination, activity, and function. These modifications include, but are not limited to, phosphorylation to regulate catalytic activity and proteinprotein interactions, glycosylation to ensure proper protein folding, ubiquitination to signal degradation, and lipidation to enable insertion into phospholipid membranes. [1] [2] [3] [4] The ability of the cell to maintain these modifications is governed by a variety of factors, such as nutrient availability and proper organellar function, with changes to normal homeostasis resulting in changes to protein function. While many post-translational modifications are tightly regulated, increased cellular stress can cause the system to break down, or introduce non-specific post-translational modifications that do not occur during physiological conditions. Autophagy is a highly regulated multi-step process directing the formation of autophagosomes and the degradation of their content by the lysosomes. 5, 6 Autophagy is regulated by a number of signaling cascades involving multiple cellular kinases (AMPK, AKT) that regulate MTORC1 phosphorylation, the central key protein in autophagy regulation. The execution of autophagy requires the function of several protein complexes and pathways, including the MTORC1 complex, the ULK1/ATG1 complex, the LC3 conjugation pathway, as well as the PI3K class III/VPS34 (phosphatidylinositol 3-kinase/vacuolar protein sorting 34) complex (Figure 1 ). The activities of these complexes and pathways are highly dependent on regulatory post-translational modifications of autophagy proteins, which is the subject of this review.
Post-translational modifications of proteins have a key role in determining protein structure, destination, activity, and function. These modifications include, but are not limited to, phosphorylation to regulate catalytic activity and proteinprotein interactions, glycosylation to ensure proper protein folding, ubiquitination to signal degradation, and lipidation to enable insertion into phospholipid membranes. [1] [2] [3] [4] The ability of the cell to maintain these modifications is governed by a variety of factors, such as nutrient availability and proper organellar function, with changes to normal homeostasis resulting in changes to protein function. While many post-translational modifications are tightly regulated, increased cellular stress can cause the system to break down, or introduce non-specific post-translational modifications that do not occur during physiological conditions. Autophagy is a highly regulated multi-step process directing the formation of autophagosomes and the degradation of their content by the lysosomes. 5, 6 Autophagy is regulated by a number of signaling cascades involving multiple cellular kinases (AMPK, AKT) that regulate MTORC1 phosphorylation, the central key protein in autophagy regulation. The execution of autophagy requires the function of several protein complexes and pathways, including the MTORC1 complex, the ULK1/ATG1 complex, the LC3 conjugation pathway, as well as the PI3K class III/VPS34 (phosphatidylinositol 3-kinase/vacuolar protein sorting 34) complex ( Figure 1 ). The activities of these complexes and pathways are highly dependent on regulatory post-translational modifications of autophagy proteins, which is the subject of this review.
REGULATION OF AUTOPHAGY BY PHOSPHORYLATION MTORC1 Phosphorylation Inhibits Autophagy
Phosphorylation is a post-translational modification that inserts a phosphate group onto serine, threonine, and tyrosine residues, changing protein conformation, activity, and protein-protein interactions. 4 So far, regulation of autophagy by phosphorylation of autophagy proteins is the best understood and the most intensively studied posttranslational modification.
One of the best-characterized autophagy regulators is MTOR (mammalian target of rapamycin). MTORC1 is part of a complex comprising RAPTOR (regulatory-associated protein of MTORC1), MLST8/GbL (mammalian lethal with Sec13 protein 8/G protein subunit b like), DEPTOR (DEP-domain-containing and MTOR-interactive protein), and PRAS40 (proline-rich AKT substrate of 40 kDa) ( Figure 2 ). 7 Under normal conditions, MTORC1 is phosphorylated and active, and negatively phosphorylates the serine/threonine kinase ULK1/ATG1 (Unc51-like kinase 1) complex as well as ATG13, two members of the ULK1/ATG1 complex that also includes FIP200/ATG17 (focal adhesion kinase (FAK) family interacting protein of 200 kDa) and ATG101. Following a cellular stress (eg, hypoxia or nutrient depletion), MTORC1 is inactivated, leading to the release of the ULK1/ATG1 complex, its dephosphorylation, and the subsequent activation of ULK1 kinase activity. ULK1 then phosphorylates itself and its partners, ATG13 and FIP200, leading to the activation of autophagy (Figure 2 ). 7, 8 Regulation of MTORC1 by AMPK and AKT Being the key regulator of autophagy initiation, MTORC1 activity is regulated by multiple upstream signaling pathways. One of the main signaling pathways is the AKT/AMPK (AMP-activated protein kinase) cascade. AMPK is the cellular energy sensor since it can be activated following an increase in the AMP/ATP ratio due to a nutrient or hypoxic stress. AMPK is known to be phosphorylated by the serine/threonine kinase LKB1 (liver kinase B1) and to phosphorylate Tuberous Sclerosis Complex 2 (TSC2), a GTPase activating protein (GAP) domain-containing protein, which inactivates the Rheb GTPase, a direct activator of MTORC1 (Figure 2 ). More recently, AMPK has also been shown to directly phosphorylate RAPTOR, another MTORC1 complex protein, to fully inactivate MTORC1 during an energetic stress. 9 In addition to regulation of MTORC1 activities, AMPK can directly phosphorylate ULK1 to regulate mitophagy and mitochondrial homeostasis, thereby creating a parallel pathway for ULK1 activation. 10 Under glucose starvation, the activated AMPK inhibits MTORC1 to relieve Ser757 phosphorylation, leading to ULK1-AMPK interaction. AMPK then phosphorylates ULK1 on Ser317 and Ser777, activates ULK1 kinase, and eventually leads to autophagy induction. 11 On the other hand, the PI3K class I (PI3KI) can negatively regulate the autophagy process via the synthesis of phosphatidylinositol-3,4-diphosphate (PI-3,4-P2) and phosphatidyl-inositol-3,4,5-trisphosphate (PI-3,4,5-P3) and the recruitment of Pleckstrin Homology (PH) domain-containing proteins such as 3-phosphoinositide-dependent protein kinase-1 (PDK1) or its downstream target, AKT, which in turn activates MTORC1, leading to the inhibition of autophagy induction. 12 AKT can also directly phosphorylate PRAS40 to activate MTORC1 (Figure 2) . 13, 14 The Regulation of BECN1/VPS34 Complex by Phosphorylation In mammalian cells, the PI3K class III/VPS34 interacts with P150 (PI3-kinase P150 subunit)/VPS15 and BECN1 (coiled-coil myosin-like BCL2-interacting protein 1)/ATG6. 15 This kinase induces the synthesis of phosphatidylinositol 3 phosphate (PI3P), which participates in the formation of the phagophore and the recruitment of other partner proteins such as DFCP1 (double FYVE domain-containing protein), 16 the WIPI family proteins (WD-repeated protein interacting with phosphoinositides), 16 and ALFY, which contains a FYVE domain. 17 Several proteins have been described to interact with the PI3KIII complex and regulate, positively or negatively, the activity of this complex. These include: Beclin1-associated autophagy-related key regulator (BARKOR)/ ATG14; ultraviolet irradiation resistance-associated gene (UVRAG)/VPS38; BAX-interacting factor 1 (BIF1); activating molecule in Beclin1-regulated autophagy 1 (AMBRA1) and RUBICON. The b cell lymphoma 2 (BCL2) and BECN1 interaction is regulated by phosphorylation. 18, 19 Under nutrient excess conditions, BCL2 binds BECN1 and inhibits autophagy, but after nutrient depletion, BCL2 is phosphorylated by the kinase c-Jun N-terminal protein kinase 1 (JNK1) on three distinct sites, inducing its release from the PI3KIII complex and autophagy activation (Figure 2 ). 19 BECN1 can also be phosphorylated by the death-associated protein kinase (DAPK) causing dissociation of the BCL2-BECN1 complex, 20 and its phosphorylation by AKT and protein kinase B (PKB). These post-translational modifications then lead to the inhibition of autophagy by favoring the interaction of BECN1 with 14-3-3 and the vimentin intermediate filament protein 1. 21 The Regulation of ATG9 by Phosphorylation ATG9 is, unlike most of the ATG proteins, a trans-membrane protein localized at the phagophore assembly site (PAS), as well as detected at peripheral sites. 22 This protein, which interacts with WIPI-1/ATG18, has been described to travel from the trans-Golgi network and late endosomes toward the PAS and allow the transport of phospholipids or membranes. 23 More interestingly, this relocalization has been shown to be dependent on the ULK1/ATG1 complex and the PI3KIII/VPS34 kinase activity (Figure 2 ). 24 The mechanism by which ATG9 travels through the cell during the autophagy process is still unclear, but a recent study in yeast demonstrated that ULK1/ATG1 directly phosphorylates ATG9, and that this phosphorylation event is necessary for the later recruitment of ATG8 and WIPI-1/ATG18 to the PAS to further activate autophagosome formation. 25 The Regulation of ATG8/LC3 Family Proteins by Phosphorylation Several phosphorylation modifications have also been described to regulate downstream effectors of the autophagy pathway. The interaction of GABARAP and GABARAPL2/ GATE-16 with ULK1/ATG1 in neurons has been suggested to have an important role in vesicle transport and neuronal elongation. 26 Subsequently, it was found that LC3 (microtubuleassociated protein-light chain 3) is phosphorylated by protein kinase A (PKA) and protein kinase C (PKC). 27, 28 PKA phosphorylation of LC3 inhibits its lipidation and incorporation into autophagosomes, resulting in inhibition of autophagy, whereas PKC inhibits the lipidation of LC3, but a phosphorylation mutant of the target site does not significantly change autophagic flux, suggesting that the PKC regulation of autophagy does not involve LC3 (Figure 2) . 27, 28 In addition to LC3, GABARAP and GABARAPL1 can also be phosphorylated by the mitogen-activated protein kinase 15 (MAPK15)/ ERK8, which induces their lipidation, resulting in subsequent autophagosome formation and SQSTM1 degradation. 29 MAPK15 is induced in response to starvation, where it localizes into autophagosomes and prevents the inhibitory phosphorylation of LC3 by PKA. 29 A recent study also demonstrated the Figure 2 Phosphorylation of autophagy proteins. Under normal conditions, the phosphorylated active MTORC1 complex interacts with and inhibits the ULK1/ATG1 complex. Following autophagy induction in response to starvation, or rapamycin exposure, the MTORC1 complex releases the ULK1/ATG1 complex leading to its activation and its auto-phosphorylation on ULK1, FIP200, and ATG13 (1). The ULK1 complex then recruits the PI3KIII complex to induce the formation of the phagophore (2). This step is also regulated by the BECN1/ATG6-BCL2 interaction and the JNK1 kinase (3). Upstream AMPK activates (4), and AKT inhibits (5), the autophagy process. ATG9 (6) and LC3 (7) are also regulated by phosphorylation.
interaction between ULK1, ATG13, and FIP200 with ATG8 proteins via their LC3-interacting region (LIR) domain, where the ATG8 proteins were suggested to act as a scaffold for the ULK1 complex recruitment onto the autophagosomes. 30 The Regulation of SQSTM1/p62, ATG29, and ATG31 by Phosphorylation SQSTM1 (sequestosome 1)/p62 has also been described to be phosphorylated in its ubiquitin-associated (UBA) domain at Ser403 by the casein kinase 2 (CK2). 31 This modification increases p62 affinity for its ubiquitinated substrates to activate their degradation. In yeast, a recent study established that ATG29, which is part of the trimeric complex ATG17-ATG31-ATG29, is phosphorylated and that this modification is essential for its association with the scaffold protein ATG11, and the recruitment of the ATG17-ATG31-ATG29 complex to the PAS and the recruitment of downstream ATG proteins including ATG1. 32 Interestingly, the phosphorylation of ATG29 induces a conformational change leading to a change to the localization of a C-terminal inhibitory peptide that allows the activation of the N-terminal functional domain, although the kinase that is responsible for the phosphorylation of ATG29 has not been found. It is noteworthy that ATG31, another member of this complex, is also a phosphoprotein, but the significance of its modification is still unknown. 33 
Phosphorylation of Proteins Involved in Mitophagy
Autophagy of the mitochondria, or mitophagy, is important for mitochondrial quality control, and is regulated by multiple proteins and pathways. 34 It was found that depolarization of the mitochondrial membrane stabilizes PINK1 to the mitochondrial outer membrane, where it recruits and phosphorylates PARKIN/PARK2, an E3 ubiquitin protein ligase (Figure 3 ). 35 The outer membrane GTPase Mitofusin 2 (MFN2) has been shown to have an important role in the recruitment of PARKIN to the mitochondria in a PINK1-dependent manner. PINK1 then phosphorylates MFN2 to induce its ubiquitination by PARKIN. 36 Once recruited to the mitochondria, PARKIN ubiquitinates several mitochondrial substrates including voltage-dependent anion channel 1 (VDAC1) and MFN1/2. 37, 38 These modified proteins are then recognized by the adaptor protein SQSTM1/p62, which targets the damaged mitochondria to the autophagosomes based on its interaction with the ATG8 protein.
In addition to the involvement of PINK1 and PARKIN, depolarized mitochondria also recruit ATG9A and ULK1 independently to initiate the formation of the phagophore, a step which is followed by the recruitment of WIPI-1, ATG14, DFCP1, and ATG16L1 to induce the elongation of the membrane, before LC3 recruitment. Nonetheless, the substrate for ULK1 kinase has not been identified in this process (1) In response to mitochondrial depolarization, PINK1 recruits PARKIN to the mitochondria, phosphorylates PARKIN, which then ubiquitinates several mitochondrial proteins, such as VDAC1 or MFN1/2. These modified proteins are recognized by the autophagy acceptor protein SQSTM1/P62, which targets the damaged mitochondria to the autophagosomes through its association with the ATG8 proteins. (2) In addition, ULK1 and ATG9A are recruited to depolarized mitochondria and induce the de novo formation of autophagosomes. This process also requires the involvement of the WIPI, ATG16L1, ATG14, and DFCP1 proteins and the LC3 protein to efficiently target the mitochondria into the autophagosomes. (3) Moreover, ULK1 is recruited to the damaged mitochondria, where it phosphorylates FUNDC1, inducing its association with LC3 and the efficient recruitment of mitochondria into the autophagosomes.
( Figure 3) . 39 Hypoxia or mitochondrial uncoupling also induces upregulation and translocation of the kinase ULK1 to fragmented mitochondria where it binds and phosphorylates FUN14 Domain Containing 1 (FUNDC1) at Ser17. Interaction between ULK1 and FUNDC1 is required for ULK1 translocation to the mitochondria, and phosphorylation of FUNDC1 enhances FUNDC1 binding to LC3 to induce the targeting of mitochondria into autophagosomes for their degradation (Figure 3) . 40 Phosphorylation of TFEB on the Lysosomal Membrane In addition to initiation of autophagy, MTORC1 also interacts with transcription factor EB (TFEB), and is thereby involved in lysosome recycling. Under normal conditions, MTORC1 colocalizes with and phosphorylates TFEB on the lysosomal membrane preventing its transport to the nucleus. Under starvation conditions, MTORC1 is inhibited, thereby releasing TFEB that can translocate to the nucleus to activate genes involved in lysosome biogenesis and autophagy, including LC3B, WIPI, ATG9B, and SQSTM1. [41] [42] [43] 
REGULATION OF AUTOPHAGY BY O-GLCNACYLATION
In addition to being modified by phosphorylation, serine and threonine residues can also be modified by the O-linked attachment of b-N-acetyl-glucosamine (O-GlcNAc) (Figure 4a ). Unlike classical O-and N-linked glycosylation, which is restricted to the endoplasmic reticulum and Golgi apparatus, O-GlcNAcylation occurs on nuclear, cytoplasmic, and mitochondrial proteins. To date well over 1000 proteins have been characterized as O-GlcNAc targets, and it has also been shown to have an important role in modulating proteasome activity, 44, 45 signal transduction, [46] [47] [48] [49] nuclear transport, 50 translation and transcription, 51 and apoptosis. 52, 53 Uridine-diphosphate-N-acetylglucosamine (UDP-GlcNAc) is the essential sugar donor for the formation of O-GlcNAcylated proteins, which is catalyzed by O-GlcNAc transferase (OGT). Overall levels of protein O-GlcNAcylation are tightly regulated, with generation catalyzed by OGT, and removal catalyzed by -N-acetylglucosaminidase (OGA). Since serine and threonine residues are targets for both O-GlcNAcylation and phosphorylation, it is possible for them to compete with one another; however, there is growing evidence that there is a complex interaction between the two modifications. For example, increasing cellular O-GlcNAc levels through inhibition of OGA decreased phosphorylation at 280 sites, as well as increasing phosphorylation at 148 sites. 54 The extensive interplay between O-GlcNAcylation and phosphorylation is also supported by the growing number of kinases that have been identified as O-GlcNAc targets, as well as the fact that OGT and OGA are known to form transient complexes with both kinases and phosphatases.
While alterations in O-GlcNAc levels have most commonly been associated with chronic disease models, such as diabetes and cancer, it is now clear that O-GlcNAc is essential for mammalian cell viability as evidenced by the embryonic lethality phenotypes of knockout mice deficient in either OGT or OGA. 55, 56 Moreover, acute activation of pathways resulting in increased protein O-GlcNAc levels have been shown to improve the tolerance of cells to a wide range of stress stimuli. 29 On the other hand, in C. elegans, OGA loss of function, which increased overall O-GlcNAcylation, enhanced the toxicity induced by TAU, b-amyloid, and polyglutamine; 57 in contrast, OGT loss of function, which decreased O-GlcNAcylation, attenuated the same aggregate induced toxicity. 57 Interestingly, loss of either OGT or OGA led to the accumulation of autophagosomes; surprisingly, however, a role for O-GlcNAc cycling in regulating autophagy flux has not been examined. 57 On the other hand, it has been shown that both BCL2 and BECN1, key regulators of autophagy, undergo O-GlcNAcylation, in response to nutrient deprivation. 58 In addition, both AKT and AMPK, key regulators of the MTORC1 complex, are also targets for O-GlcNAcylation. 59, 60 Taken together, these observations provide strong support for a role of O-GlcNAcylation in regulating the autophagic response to stress.
In the context of neurodegenerative diseases in mammalian cells and rodent models, OGA is highly expressed at both the mRNA and protein levels in neurons and in human brains. 61, 62 Moreover, dysregulation in O-GlcNAc cycling increases with age, a known risk factor for development of neurodegenerative diseases. 63, 64 Among others, TAU is the most extensively studied O-GlcNAcylated protein in the brain because of the strong connection between its phosphorylation and Alzheimer's disease. In Alzheimer's disease brains, O-GlcNAcylation of TAU is decreased, and cells overexpressing OGT cDNA or shRNA, decreases and increases phosphorylation of TAU, respectively. 65, 66 Treatment of Alzheimer's disease mouse models with OGA inhibitors has been shown to increase O-GlcNAcylation and decrease phosphorylation of TAU both in vitro and in vivo (Figure 4b ). [67] [68] [69] To date, the role of O-GlcNAcylation in mediating the pathophysiology of Parkinson's disease has not been investigated; however, a-synuclein is modified by O-GlcNAc and this attenuates its aggregation in vitro. 70 In contrast, it has recently been shown that suppression of O-GlcNAcylation by overexpression of OGA led to decreased SQSTM1/p62 and increased LC3-II, suggesting an enhanced autophagic flux. Azaserine inhibits glutamine fructose-6-phosphate amidotransferase, one of the key enzymes of hexosamine biosynthesis pathway, and thereby leads to decreased O-GlcNAcylation and a decrease of LC3-II and SQSTM1/p62 in Neuro2A cells, attenuating toxicity by mutant HUNTINGIN exon 1 fragment in these cells. 71 
REGULATION OF AUTOPHAGY BY UBIQUITIN-LIKE CONJUGATION AND UBIQUITINATION
The expansion of the autophagosomal membrane involves the ubiquitination-like reactions of autophagy proteins ATG8 and ATG12. E1-like protein ATG7 activates ATG8 and ATG12, which are then conjugated to phosphatidylethanolamine (PE) and ATG5, by E2-like proteins ATG3 and ATG10, respectively. Association of ATG16 with the ATG12-ATG5 conjugates stimulates the ATG8-PE conjugation in a process that resembles E3-like activity (Figure 5a ). 72 Ubiquitination, by conjugating an 8-kDa ubiquitin to proteins on lysine residues, can regulate autophagy activities. It has been shown that MTORC1 regulator DEPTOR, ULK1, BCL-2, BECN1, and BNIP1 can all be ubiquitinated. Ubiquitination of DEPTOR by Skp-cullin-F-box protein (SCF) in growth factor-rich conditions releases MTORC1 from DEPTOR inhibition and attenuates autophagy. 73, 74 ATG4B ubiquitination by RING finger protein 5 (RNF5) led to ATG4B degradation, which in turn affects LC3 turnover and limits autophagy. 75 ULK1 ubiquitination by TRAF6 stabilizes the active ULK1 complex, therefore promoting autophagy. 76 BECN1 ubiquitination by TRAF6 promotes TLR4-dependent autophagy, 77 whereas BCL2 ubiquitination by PARKIN increases its interaction with BECN1 resulting in inhibition of autophagy. 78 Also, BECN1 ubiquitination by neural precursor cell-expressed developmentally downregulated 4 (NEDD4) promotes BECN1 degradation and inhibits autophagy. 79 BCL2/adenovirus E1B 19-kDa interacting protein 1 (BNIP1) ubiquitination by mitochondrial located E3 ligase RNF185 facilitates recruitment of p62 and LC3 (Figures 5b-e) . 80 The ubiquitin protein ligase E3 component N-recognin 4 (UBR4) has been shown to be highly expressed in endodermderived, autophagy-active cells in the yolk sac and has an essential role in embryonic development. Evidence suggests that UBR4 facilitates the delivery of intracellular organelles and macromolecules to the autophagosomes, although what specific proteins are UBR4 substrates in these autophagyactive cells and whether its ubiquitin ligase activities are required for these processes are unclear. 81 Autophagy of the ribosomes, also known as ribophagy, depends on a rapid decrease of a 60S ribosome-associated E3 ligase LTN1 in response to starvation, and a consequent decrease of ribosomal protein RPL25 ubiquitination. 82 Mitophagy is also regulated by PARKIN-mediated ubiquitination. 83 PARKIN is an E3 ubiquitin ligase that has been shown to ubiquitinate several mitochondrial proteins. Recruitment of PARKIN to the depolarized mitochondria has been shown to ubiquitinate MFN1 and MFN2, which are then degraded, facilitating mitophagy. 84 PARKIN has also been shown to ubiquitinate VDAC1 in both HeLa and SH-SY5Y cells, and the presence of VDAC1 is required for PARKIN/PINK1-mediated mitophagy in HeLa cells. 37 VDAC1 ubiquitination alone is not responsible for mitochondrial depolarization-induced mitophagy in mouse embryonic fibroblasts (MEFs); 85 however, in the absence of all three VDACs 1, 2, and 3, mitophagy is impaired in MEFs 86 (Figure 5f ).
MIRO1 and MIRO2 are outer mitochondrial membrane (OMM) proteins associated with coupling of mitochondria to the kinesin-and dynein-dependent microtubule transport pathway, thereby regulating mitochondrial trafficking and distribution. 87, 88 MIRO1 and MIRO proteins were found to be downregulated by PARKIN overexpression and CCCP treatment along with other PARKIN targets in HeLa, SH-SY5Y, and MEFs. 89 Previously, it was reported that phosphorylation of MIRO at Serine 156 is important for the subsequent action of PARKIN, 90 although a recent study has shown that MIRO ubiquitination in dopaminergic neuroblastoma cells is independent of phosphorylation at Serine 156, but is dependent on PINK1-dependent phosphorylation of PARKIN at Serine 65. 91 In addition to MIROs, mitochondrial hexokinase is also ubiquitinated by PARKIN. 92, 93 There is also evidence that in response to membrane depolarization, a pool of mitochondrial proteins, including TOM20 and FIS1, are degraded by PARKIN and ubiquitin-proteasomemediated mechanisms, both of which have essential roles in mitophagy. 89 The landscape of the PARKIN-dependent ubiquitylome has recently been further expanded to include proteins involved in proteasome assembly, metabolism, and apoptosis. 94 Despite these observations, whether ubiquitination of this broad spectrum of mitochondrial proteins is synergistic or antagonistic to one another in modulating mitophagy remains unclear (Figure 5f ). Ubiquitination by PARKIN has recently been shown to be modulated by an opposing activity from a mitochondrial deubiquitinase USP30. 95 Besides PARKIN, other ubiquitin ligases may also have an important role in modifying proteins involved in mitophagy. Independent of PARKIN, MFN1 and MFN2 can also be ubiquitinated by glycoprotein 78 and glycoprotein 78-induced mitophagy is dependent on MFN1. 96 Membraneassociated RING-CH-V (MARCH-V) was identified as a mitochondrial ubiquitin ligase that interacts with MFN2 and ubiquitinates DRP1 in COS7 cells, and MARCH-V overexpression was shown to promote long tubular mitochondria. 97 Interestingly, loss of MARCH-V also promotes mitochondrial elongation in an MFN1-dependent manner. In response to stress, MFN1, but not MFN2, induces mitochondrial elongation in HeLa cells. 98 How MARCH-V is involved in regulating mitophagy is currently unclear ( Figure 5 ).
Ubiquitin binding proteins have been shown to have an important role in bringing ubiquitinated proteins to the autophagosomes via their LIR. These ubiquitin binding proteins include SQSTM1/p62, neighbor of BRCA1 gene 1 (NBR1), and histone deacetylase 6 (HDAC6), the nuclear dot protein 52 kDa (NDP52), and optineurin (OPTN) which is involved in aggrephagy. [99] [100] [101] SQSTM1/p62 also interacts with TRIM50, TRAF6, MURF2, and KEAP1, which facilitates ubiquitination of target proteins and their subsequent degradation. [102] [103] [104] [105] [106] OPTN 110 and FUN14 domain containing 1 (FUNDC1) 111 have also been shown to be important for mitophagy by recognizing mitochondria that contain extensively ubiquitinated outer membrane proteins (Figure 5g ).
REGULATION OF AUTOPHAGY BY ACETYLATION
Regulatory components of the autophagy pathway are also controlled by lysine acetylation, which involves the attachment of at least one acetyl group; generally at the N-terminus of the protein. Nutrient starvation rapidly depletes acetylcoenzyme A that consequently results in lower overall acetylation of cytoplasmic proteins, which is associated with an increase in autophagy. 112, 113 Knockdown of acetyl-coenzyme A synthetase in Drosophila brains has also been shown to enhance autophagy and lifespan. 112 Acetylation and de-acetylation of histones and nonhistone proteins have been reported to have an important role in autophagy regulation. Cell protective induction of autophagy by starvation or inhibition of MTORC1 led to downregulation of the histone acetyltransferase hMOF/ KAT8/MYST1 and consequent de-acetylation of histone H4 lysine 16 (H4K16ac). Fifty-five autophagy-related genes, including those that encode LC3 and ULK1, exhibited altered expression levels as assessed by a global run-on-sequencing assay, as well as decreased acetylated H4K16 (H4K16ac) as quantified by chromatin immunoprecipitation-sequencing (ChIP-seq) assay (Figure 6a ). 114 Starvation-induced microtubule hyperacetylation also promotes autophagy and cell survival. In this case, microtubule hyperacetylation is mediated by a-tubulin acetyltransferase-1 (aTAT-1/MEC-17), whose activity is inhibited by p300 and activated by AMPK. 115 How microtubule hyperacetylation promotes autophagy is unclear, but it was proposed that microtubule acetylation might impact its interaction with microtubule-associated proteins, including the LC3 family of proteins (Figure 6b) .
Acetylation of autophagy proteins also has an important role in autophagic flux. Acetyltransferase p300 has been shown to acetylate ATG5, ATG7, LC3, and ATG12 proteins, thereby inhibiting autophagy. 116 In cells deprived of growth factors, glycogen synthase (GSK-3) phosphorylates acetyltransferase TIP60 on Ser86 leading to its activation. TIP60 in turn activates ULK1 by acetylation, which has an important role in autophagy induction. 117 In addition, LC3B-II has been shown to be markedly deacetylated during serum Figure 5 Ubiquitination by E3 ligases of autophagy proteins has an important role in regulating autophagy. (a) Ubiquitin-like conjugation system in autophagy. Expansion of the phagophore depends on two ubiquitin-like conjugation systems. Conjugation of ATG5 to ATG12 requires the E1 enzyme ATG7 and the E2 enzyme ATG10, generates an oligomeric complex between the ATG12-ATG5 conjugate and ATG16L1. ATG8/LC3 proteins are subsequently conjugated to phosphatidylethanolamine (PE) following cleavage by the cysteine protease ATG4 acting on nascent ATG8s (proLC3) to expose a C-terminal glycine residue required for covalent attachment to PE. The exposed glycine of ATG8 (LC3-I) is activated by ATG7 (E1), then transferred to ATG3 (E2-like enzyme) forming an ATG8BATG3 thioester intermediate, before ATG8 is conjugated to PE by the E3-like ATG12-ATG5-ATG16 complex. (b) Under conditions of high nutrient and growth factor availability, SCF (Skp1-Cullin1-F-box protein) E3 ligase complex triggers ubiquitination of DEPTOR, which in turn leads to its degradation and inhibits autophagy. (c) Basal autophagy is regulated by membrane-associated E3 ligase RNF5 by controlling cysteine protease ATG4B levels. ATG4B is ubiquitinated under basal conditions by RNF5, the degradation of ATG4B in turn leads to insufficient LC3 processing, thereby inhibiting autophagy. (d) In response to autophagic stimulus, TRAF6 ubiquitinates ULK1 thereby increasing ULK1 kinase activity resulting in autophagy induction. (e) BECN and BCL-2 ubiquitination status differentially regulate autophagy. While TRAF6-mediated polyubiquitination of BECN leads to autophagic induction, PARKIN mediated monoubiquitination of BCL-2 results in stabilization of BECN-BCL2 complex leading to inhibition of autophagy, and BECN ubiquitination by NEDD4 also suppresses autophagy. (f) Ubiquitination of substrates by PARKIN mediates mitophagy. In response to stress induction, PINK1 is stabilized at the mitochondrial outer membrane, and recruits PARKIN, which then ubiquitinates MFN1, MFN2, VDAC, TOM, FIS1, and MIRO, resulting in induction of mitophagy. Mitochondrial deubiquitinase USP30 removes ubiquitin from proteins that are ubiquitinated by PARKIN, thus attenuating PARKIN-mediated mitophagy. (g) The cargo for selective autophagy is recruited to the autophagosomes by autophagy adaptors, such as SQSTM1/P62, neighbor of BRCA1 gene 1 (NBR1), histone deacetylase 6 (HDAC6), autophagy receptor BH3-only family protein NIX, the ubiquitin receptor nuclear dot protein 52kd (NDP52), and optineurin, that are associated both with the cargo and with lipidated ATG8/LC3 (LC3II), linking ubiquitin-tagged cargo with the autophagic machinery.
deprivation-induced autophagy in HeLa cells. Inhibition of HDAC6 by an HDAC6 inhibitor tubacin, or HDAC6, by siRNA knockdown, resulted in increased acetylation of LC3B-II, along with impaired degradation of SQSTM1/p62, suggesting a link between acetylation status of LC3B-II and autophagic clearance. 118 SIRT1, a mammalian deacetylase has been shown to deacetylate several ATG proteins, such as ATG5, ATG7, and LC3, in response to starvation. The absence of SIRT1 resulted in impaired autophagy leading to increased levels of SQSTM1/p62 and inhibition of autophagosome formation (Figures 6c and d) . 119 Post-translational modifications of target proteins can also modulate their autophagic clearance. Inhibition of HDAC1 or activation of CBP-mediated acetylation have been shown to increase the acetylation of mutant HUNTINTIN (HTT) resulting in its increased clearance, and decreased neurotoxicity. 120 These studies demonstrate that acetylation influences autophagy at multiple levels (Figure 6e ).
ROLE OF THIOL MODIFICATIONS IN AUTOPHAGY REGULATION
Redox-sensitive proteins have highly reactive thiol groups on cysteine residues (R-SH) that allows for modification by a variety of nucleophilic reactive species, and particularly susceptible to increased modification during increased oxidative or nitrosative stress. 121, 122 Thiol modifications on key cysteine residues have been proposed to serve as a regulatory mechanism that controls the autophagy-lysosomal pathway. 6, 123, 124 Recombinant ATG4 activity has been shown to be regulated by hydrogen peroxide (H 2 O 2 ) modification of a cysteine residue near the active site (Cys81). 125 Mutations to either of two highly conserved cysteines in PARKIN, whose loss of function has been linked to Parkinson's disease, result in loss of PARKIN folding and activity, and dysfunctional mitophagy. 37, 126 PARKIN cysteines (Cys 59, Cys 95, and Cys182) can also be modified by hydrogen sulfide (H 2 S), resulting in sulfhydration, which can compete with pathogenic nitrosation of the same residues to enhance PARKIN activity and neuroprotective effects. 127 Similarly, DJ-1, another Parkinson's disease-related protein linked to mitophagy, also has a key cysteine residue (Cys106) required for both its antioxidant properties and translocation to the mitochondria. 128 These studies demonstrate the importance of cysteines in proper autophagic function, and that increased production of reactive species could modify key autophagy proteins altering their function (Figure 7 ).
Conclusions and Future Directions
Post-translational modification of autophagy proteins has emerged as an essential regulatory mechanism. As most proteins contain modifiable serine, threonine, lysine, or cysteine residues, they are subjected to conditions that favor modifications on these residues in response to nutrient availability, growth factor deprivation, hyperoxia, and hypoxia, as well as generation and propagation of reactive species. One key remaining question is how the proteome of diverse post-translational modifications on multiple autophagy proteins impacts general and selective autophagic flux. Furthermore, it is important to recognize cell type and tissuespecific regulation of these post-translational modifications, and how the specificities are achieved at the level of enzymes that add or delete these modifications. Understanding which amino-acid residues in autophagy proteins are modified, and identifying the situations that lead to their modifications, could provide key therapeutic targets in mitigating harmful pathologies associated with diseases. 129 
